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ABSTRACT

New spectral transmittance functions are introduced for the
main extinction processes in the atmosphere for shortwave
direct beam radiation: Rayleigh scattering, aerosol extinc-
tion, and absorption by ozone, uniformly mixed gases, water
vapor, and NO2. The latter extinction effect (in the UV and
visible) is introduced for the first time in a simple spectral
model. Along with an improved extraterrestrial solar spec-
trum at 1 nm intervals below 1700 nm, these functions con-
stitute a spectral radiation model called SMARTS2. It can
be easily compared to measured data when using its
circumsolar correction and smoothing functions. A preview
of broadband applications of this new model is also pro-
vided, through the derivation of improved estimates of the
luminous efficacy used in daylighting calculations.

1. INTRODUCTION

Spectral solar irradiance models are needed in a variety of
applications spread among different disciplines such as atmo-
spheric sciences, biological sciences and energy technologies
(PV systems, high performance glazings, daylighting, selec-
tive coatings, etc.). Two types of spectral irradiance models
may be used to predict or analyze solar radiation at the Earth’s
surface: sophisticated rigorous codes and simple transmittance
parameterizations. A well known example of the first kind is
the LOWTRAN family, which originated more than 20 years
ago. It has been recently supplanted by an even more detailed
code called MODTRAN [1]. Such a model considers that the
atmosphere is constituted of different layers, and uses refer-
ence or measured vertical profiles for its gaseous and aerosol
constituents.

Because of the detailed inputs needed, execution time, and
some output limitations, MODTRAN is not an appropriate
code for all applications, particularly in engineering. Most

of the latter needs are presently fulfilled by parameterized mod-
els which are relatively simple compared to MODTRAN. Most
of the simple models that have appeared in the literature since
the early '80s [2-8] are based on Leckner’s landmark con-
tribution [9]. For computerized calculations, SPCTRAL2
[10], based on [2, 3], and SUNSPEC [11], based on [5], are
frequently used. (SUNSPEC is being revised in accordance
with the algorithms presented here.) They are both based
on Leckner’s functions, at least for the determination of
water vapor, mixed gases, and ozone absorptances. Much
fundamental knowledge on gaseous absorption has been
added since Leckner’s contribution, so that a detailed reex-
amination of his approach appears now justified. Further-
more, data of higher spectral resolution is now available,
improving accuracy in those spectral regions where gas-
eous absorption changes rapidly, as will be shown.

This paper will present SMARTS2, an extensive revision of
the algorithms used to calculate direct beam radiation with
SMARTS, a spectral model that was presented recently [5]. In
short, the main objectives and achievements of this study are:

• Introduce new transmittance functions for all the atmo-
spheric extinction processes

• Add nitrogen dioxide (NO2) to the list of absorbers, for
the first time in this type of model

• Derive very accurate absorption coefficients from recent
spectroscopic data

• Improve the spectral resolution of calculations

• Improve the extraterrestrial spectrum

• Add the capability to estimate the circumsolar enhance-
ment factor for comparison with pyrheliometric data

• Add the flexibility to smooth the output data using a
Gaussian filter function.
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Because of the complexity of its algorithms and space limi-
tation, only an outline of the derivation will be given, as
well as limited comparisons with MODTRAN2 and experi-
mental data to assess its performance. Details of the deri-
vation of SMARTS2 may be found in [12]. Finally, an ap-
plication of this model in daylighting calculations is out-
lined in Section 7, while other applications are detailed in
[13].

2. MODEL STRUCTURE AND SOLAR SPECTRUM

Under cloudless sky conditions, direct beam radiation
constitutes the major part of the incoming shortwave
radiation. Moreover, its measurement can be used to derive
information on atmospheric conditions (e.g., gaseous
abundance and turbidity) by comparison with model
calculations run backwards. (Such a technique based on
the present work is being developed [14].) For these reasons,
all that follows is concerned with direct beam radiation.
However, SMARTS2 also has provision to calculate diffuse
radiation on a horizontal or tilted plane, using the
methodology described in [12].

The beam irradiance received at ground level by a surface
normal to the sun rays (or “beam normal irradiance”) at
wavelength λ is given by:

Ebnλ = Eonλ TRλ Taλ Tgλ Toλ Tnλ Twλ (1)

where Eonλ is the extraterrestrial irradiance corrected for
the actual sun-earth distance and the other terms are the
transmittances for the different extinction processes con-
sidered here: Rayleigh scattering, aerosol extinction, and
absorption by uniformly mixed gases, ozone, NO2, and
water vapor, respectively. Note that NO2 absorption in the
UV and visible is introduced here for the first time in a
simple spectral irradiance model. It is not even considered
yet in MODTRAN2. (The latest version used here was
kindly provided in August 1993 by Jim Chetwynd, Phillips
Lab.)

Whereas SMARTS1 used the WRC85 spectrum [15],
SMARTS2 uses a slightly modified spectrum, at 1 nm in-
tervals between 280 and 1700 nm, and at 5 nm intervals
between 1700 and 4000 nm. The total irradiance is 1350.0
W/m2, compared to 1349.5 W/m2 for the WRC85 spectrum,
for a solar constant of 1367 W/m2. This new spectrum is
justified because (i) Some problems were discovered in the
WRC85 spectrum, including an anomalous dip in the 920-
980 nm range [personal communications with Claus
Fröhlich, 1992, and Eric P. Shettle, 1993]; (ii) New high
altitude balloon and satellite data have been published re-
cently, particularly in the UV. The new spectrum has a total
of 1881 wavelengths, compared to 545 wavelengths for the
spectrum used in SMARTS1 and 122 wavelengths used in

SPCTRAL2. This certainly gives a rather high resolution
for engineering use, but the model output (transmittances
and irradiance) can be downgraded afterwards according
to the user’s needs (see Section 5).

The different optical masses, which play a key role in the
transmittance functions, have already been described [5,
16].

3. INDIVIDUAL TRANSMITTANCES

• Rayleigh scattering: The Rayleigh optical depth has been
recalculated from its theoretical expression, using Young’s
determination of the depolarization factor [17] and Peck &
Reeder’s formula [18] for the spectral variation of the re-
fractive index. A least-squares curve fitting technique was
used to develop the following equation:

TRλ = exp[-mR P / (a1 λ4 + a2 λ2 + a3 + a4 λ−2)] (2)

where mR is the optical air mass, P is the ratio of the site
pressure to the standard value (1013.25 mb), a1= 117.2594,
a2=-1.3215, a3=3.2073E-4 and a4=-7.6842E-5. Eqn. (2) fits
the basic spectral calculations with an average deviation of
less than 0.01%.

• Ozone absorption: The Bouguer law is used to describe
ozone absorption, i.e.

Toλ = exp(-mo uo Aoλ) (3)

where mo is the ozone optical mass, uo its reduced pathlength
(in atm-cm), and Aoλ its spectral absorption coefficient.

Ozone absorbs strongly in the UV, moderately in the vis-
ible, and slightly in the near infrared. In the UV (Hartley-
Huggins bands), recent spectroscopic data [19-21] were
smoothed to 1 nm resolution for the region 280–365 nm.
The basic absorption coefficients are for a reference tempera-
ture of 228 K and a temperature correction is applied (if λ<344
nm) for other temperatures. The estimated atmospheric ozone
temperature is obtained from a weighted average of the con-
centration and temperature profiles defined in tabulated ref-
erence atmospheres [22]. This results in an average ozone
temperature of 213 to 235.7 K. To approach actual condi-
tions at any site and time, a seasonal correlation with the
screen-level air temperature, ta, is considered.

In the visible and near infrared (Chappuis and Wulf bands,
407 to 1091 nm), the recent data in [23, 24] were down-
graded to 1 nm intervals, from a dataset that will be used in
future versions of MODTRAN [personal communication
with Eric P. Shettle, 1994]. A temperature dependence is
considered between 407 and 560 nm as above.

Finally, some absorption is present above 3120 nm. The cor-
responding absorption coefficients were obtained by smooth-
ing MODTRAN2 transmittance results at 5 nm intervals.



• Nitrogen dioxide absorption: NO2 transmittance is mod-
elled similar to ozone, i.e.,

Tnλ = exp(-mn un Anλ) (4)

where mn is the NO2 optical mass, un its reduced pathlength
(in atm-cm), and Anλ its spectral absorption coefficient. NO2
is a highly variable atmospheric con-
stituent that plays a key role in the
ozone cycle, both in the troposphere
(where its concentration may be
high due to pollution) and in the
stratosphere. Total column measure-
ments in an industrial city resulted
in widespread values of un, ranging
from 4.4E-5 to 1.3E-2 atm-cm [25].
It is most probable that low NO2
concentrations correspond to a pre-
dominant stratospheric loading at
the ozone layer altitude, whereas
high NO2 concentrations are asso-
ciated with tropospheric man-made
pollution. Because of this layer split-
ting, mn is calculated as a weighted
mean of mo and mw, the water vapor
optical mass.

The values of Anλ were derived from data in [26, 27] in the
280 to 700 nm range and smoothed to 1 nm intervals. As
with ozone, a temperature dependence is considered. Be-
cause of the variations in the balance between stratospheric
and tropospheric NO2, its average atmospheric tempera-
ture is defined as a weighted mean between the ozone tem-
perature defined earlier and ta.

The transmittances for O3 and NO2 are compared in Fig. 1
for different total pathlengths, mouo and mnun, respectively.
These transmittances are almost equivalent when mnun is
about a factor of 100 less than mouo.

• Uniformly mixed gases: Some atmospheric constituents
(principally O2 and CO2) have a monotonically decreasing
atmospheric concentration with altitude and significant ab-
sorption bands in the infrared. Based on the analysis in [28,
29], the corresponding transmittance is defined as:

Tgλ = exp[-(mg ug Agλ)a Pb] (5)

where mg=mR is the optical air mass, ug the gaseous
pathlength (about 5 km), and Agλ the spectral absorption
coefficient. The exponent a was obtained by fitting data in
[28, 29] such that a = 0.5641 for λ<1000 nm, or else
a=0.7070. The exponent b was obtained as 1.14, by ana-
lyzing different MODTRAN2 runs for different altitudes
(up to 4 km). The values of Agλ were also obtained by
smoothing MODTRAN2 transmittance results for differ-
ent reference atmospheres, and reversing eqn. (5).
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Fig. 2   Water vapor transmittance for U.S. Standard Atmo-
sphere (w=1.419 cm) at air mass 1.5.
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• Aerosol extinction: Spectral optical characteristics of the
tropospheric and stratospheric aerosols change rapidly with
time and with meteorological conditions. Although spec-
tral determinations of the aerosol optical thickness would
be needed, such measurements are rare, so that only broad
climatological information is available in the general case,
if at all.

A simplified methodology, using the same modified
Angström approach as in SMARTS1 [5], is therefore justi-
fied. Turbidity may be expressed in terms of three possible
coefficients: ß (defined at 1000 nm), τa5 or B (defined at
λ0=500 nm), and turbidity exponents α1 (for λ<λ0) and α2
(for λ>λ0). The aerosol transmittance is then obtained as:

Taλ = exp[-ma ß q (λ/λ0)-α] (7)

where ma = mw is the aerosol optical mass, α=α1 if λ<λ0 and
α2 otherwise, and q=2α2-α1 if λ<λ0 and q=1 otherwise. The
correspondence between ß, τa5 and B results from their re-
spective definitions and is mentioned in [5].

Typical values of coefficients α1 and α2 have been obtained
by linearly fitting the spectral aerosol coefficients of four aero-
sol types used in MODTRAN [33] for relative humidities be-
tween 0 and 99% (Table 1). As it clearly shows, α1 is always
less than α2, both α1 and α2 tend to decrease when relative
humidity increases, and the average ratio α1/α2 is close to 0.7
for the rural, urban, and maritime aerosols at relative humidi-
ties ≤70%.

Figure 3 presents a comparison of the aerosol transmittance
as predicted by SMARTS2, MODTRAN2, and SPCTRAL2.
The latter uses a function simpler than eqn. (7), because it
considers α1=α2=1.14. Both SMARTS2 and SPCTRAL2 have
been used with τa5=0.3442, corresponding to a visual range,
V, of 25 km in MODTRAN2. It should be noted that the ASTM
standard [32] is based on τa5=0.27, which corresponds to V=25
km according to [34] — or incorrectly, 23 km according to
[32]. The correspondence between V=25 km and τa5=0.27 is
only exact when using the outdated aerosol data found in
LOWTRAN4 or older versions.

TABLE 1   Turbidity exponents for different aerosol types

Humidity 0% 50% 70% 90% 99%

Rural α1 0.933 0.932 0.928 0.844 0.659
α2 1.444 1.441 1.428 1.377 1.134

Urban α1 0.822 0.827 0.838 0.779 0.492
α2 1.167 1.171 1.186 1.256 1.127

Maritime α1 0.468 0.449 0.378 0.232 0.107
α2 0.626 0.598 0.508 0.246 0.053

Tropospheric α1 1.010 1.008 1.005 0.911 0.797
α2 2.389 2.379 2.357 2.130 1.962

• Water vapor absorption: In the spectral range consid-
ered here, water vapor is by far the most important absorber.
The accurate determination of its transmittance is there-
fore most important in a radiation model. A new functional
form has been derived based on the one used in SMARTS1
[5] for a part of the near infrared region, and on the one
proposed in [30]:

Twλ = exp{-[(mw w)c fwn Awλ]1.5} (6)

where mw is the water vapor optical mass, w the total pre-
cipitable water (in cm), fw a scaling factor (a function of λ
and ta) accounting for the inhomogeneity of the water va-
por pathlength, and c and n are wavelength-dependent ex-
ponents (obtained by fitting data in [30]). Precipitable wa-
ter, w, can be obtained by different experimental methods
or by using empirical relationships between w and the
screen-level temperature and humidity (e.g., [9, 31]).

The values of Awλ were obtained the same way as Agλ  pre-
viously, i.e., from MODTRAN2 results (including the con-
tinuum absorption effects). It is important to note that
MODTRAN2 absorption calculations are themselves based
on HITRAN’92, the latest edition of a high resolution spec-
troscopic atlas.

Figure 2 displays the water vapor transmittance in the 940
nm band as calculated by SMARTS2, MODTRAN2, and
SPCTRAL2 for the U.S. Standard Atmosphere (w=1.419
cm) and an air mass of 1.5 (corresponding to the ASTM
standardized conditions [32]). The difference between the
predictions of SMARTS2 and MODTRAN2 is virtually in-
discernible, whereas SPCTRAL2 is off by a significant
margin in some wavelength intervals, due to its crude reso-
lution and older absorption data.
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4. CIRCUMSOLAR RADIATION

The direct beam radiation calculated so far ideally comes from
the solar disk only. When comparing such data to actual mea-
sured data, it is important to add the circumsolar diffuse radia-
tion that is also intercepted in the aperture (e.g., 5.7°) of an
actual pyrheliometer. This circumsolar contribution increases
with turbidity and optical mass. Theoretical calculations are
underway to derive an accurate spectral correction function.
In the mean time, a broadband correction factor [35] is used
equally at all wavelengths. This factor is only dependent on
the product (ma ß) but implicitly assumes that α2 is about 1.3.
For different values of α2, ß can be corrected by assuming that
the representative wavelength for the circumsolar radiation is
λp=555 nm (the peak of the photopic curve), which is close
and about halfway between the peak of the diffuse spectrum
and its median. It is therefore proposed to replace ß in eqn.
(28) of [35] by ß λp

α2-1.3.

5. OUTPUT DATA SMOOTHING

Spectroradiometric instruments possess differing spectral
bandpass widths and shapes. The Gaussian and triangular
shapes were chosen here as representative. A new feature of
SMARTS2 is a post-processor that scans the raw output and
smooths it to derive new outputs at possibly wider intervals
(depending on the user’s needs), approximating the instrumen-
tal transmittance characteristics by a Gaussian or triangular
function with a known FWHM (full width at half maximum).

6. COMPARISON WITH MEASURED DATA

Detailed comparison against carefully measured data is a good
way to assess the performance of a model. An example of
such a comparison will be provided here, using the dataset

Fig. 4  Measured irradiance vs filtered and unfiltered SMARTS2
predictions for a the 940 nm water vapor band
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measured at the Florida Solar Energy Center under the aus-
pices of the National Renewable Energy Laboratory. A tem-
perature controlled LiCor LI-1800 spectroradiometer sampled
the spectrum between 300 and 1100 nm at 2 nm intervals.
The instrumental FWHM was 6.15 nm. The other experimental
conditions are detailed in [36].

Figure 4 presents a comparison in the near infrared between
measured and calculated data for cloudless conditions at an
air mass of 1.53. Modelled data were either plotted at every
other wavelength (to approximate the 2 nm increment of the
measured data) or smoothed first, using the methodology of
Section 5, to match the instrumental characteristics. It is clear
from Fig. 4 that a preliminary smoothing processs is essential
to make qualitatively and quantitatively correct comparisons.
It appears also that SMARTS2 closely follows the intricacies
of the water vapor absorption features which were recorded.

7. APPLICATION TO DAYLIGHTING

Once accurate transmittance functions have been developed,
it is possible to perform a spectral integration in order to obtain
an average transmittance within a specified spectral range or
even within the entire broadband shortwave spectrum. An
example of this application, concerning daylighting, is outlined
here. Illuminance data are needed to correctly design buildings
for daylighting. Because spectral measurements are scarce, it
is customary to use broadband irradiance data and to apply a
correction factor, the luminous efficacy, to obtain illuminance.
In the present work, the beam illuminance has been obtained
directly from the spectral beam irradiance using the method
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described in [5]. The luminous efficacy (in lm/W) is then found
as the ratio between illuminance (in lux) and the broadband
irradiance (in W/m2) between the SMARTS2 limits of 280
and 4000 nm. The luminous efficacy for beam radiation is
plotted in Fig. 5 as a function of air mass for different
atmospheric conditions. It shows that air mass, precipitable
water, and turbidity have a strong and complex influence on
the efficacy, which would be difficult to analyze systematically
from experimental data alone.

8. CONCLUSION

The new spectral transmittance functions presented here closely
fit the most recent extinction data available. They can be used
to approximate the predictions of a rigorous code
(MODTRAN2), or to simulate measured spectroradiometric
data. Future work will be devoted to the use of this new model
in various spectral and broadband applications for which a
preview has been presented.
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